Two-dimensional gel electrophoresis was used to identify differentially displayed proteins of Bradyrhizobium japonicum USDA110 in the symbiotic and non-symbiotic state. When proteome maps were compared and the characterization of bacteroid-specific proteins was performed by N-terminal amino acid sequencing and matrixassisted desorption/ionization time-of-flight mass spectrometry peptide mass fingerprint analysis, putative identity was assigned to 61 bacteroid protein spots, including many metabolic proteins and ABC transporters as well as nitrogenase proteins like NifH. This study shows that proteome analysis will be a useful tool for surveying genes contributing to rhizobial functions in symbiosis.
Soil bacteria, rhizobia, can form a symbiotic tissue (nodule) in the root of leguminous plants and differentiate to fix nitrogen using photosynthate as an energy source. Since this reaction to produce ammonia from nitrogen gas in the air is useful for agriculture, various researchers have attempted to introduce this system into other crop plants, and genome projects including proteomics have been applied to this complex system to elucidate the molecular mechanism inducing this organogenesis. The proteomic analysis of cultured cells and bacteroids in Sinorhizobium meliloti has provided insight into how microsymbionts alter metabolism to establish an endo-symbiotic relationship with the host plant cells 10) . In soybean, the genomic DNA of Bradyrhizobium japonicum USDA110 has been completely sequenced by the Kazusa DNA Research Institute 5) , and a large scale macroarray analysis is being conducted by comparing gene expression profiles among rhizosphere cells, cultured cells and bacteroids (Minamisawa et al., personal communication). In cooperation with these transcriptome analyses, we compared protein profiles between bacteroids and cultured cells of B. japonicum USDA110 and examined the physiological role of bacteroid specific proteins.
Soybean (Glycine max L. Merr. cv. Akishirome) seeds were inoculated with Bradyrhizobium japonicum USDA110 and germinated on moist vermiculite. The seedlings (7-10 days old) were grown hydroponically in a nitrogen-free nutrient solution 17) . Nodules were harvested from plants 4 to 5 weeks after inoculation when the acetylene reduction activity per gram fresh weight of nodules reached a maximum 17) .
Bacteroids were isolated from nodules as reported by Day et al. 3) , and were monitored with marker enzyme assays; cytochrome c oxidase for mitochondria 16) , alcohol dehydrogenase for cytosol 15) and b-hydroxybutyrate dehydrogenase (b-HBDH) for bacteroids 14) . High-level b-HBDH activity, no or very low-level cytosol and mitochondria marker enzyme activities and the presence of large bacteria detected by Gram staining 1) confirmed that the preparation contained bacteroids (data not shown). For preparing cultured cells, Bradyrhizobium japonicum USDA110 was grown in liquid HM medium (pH 6.8) at 28°C and harvested in an early exponential phase 2) . The bacteroids and cultured cells were washed, concentrated and utilized for analyzing protein constituents.
Protein concentration was determined by a modified Lowry method 13) . For 2-D gel electrophoresis, proteins were extracted from the bacteroids by freeze-thawing three times in lysis solution, and subjected to isoelectric focusing and SDS-polyacrylamide gel electrophoresis by the method of Kruft et al. 6) . Analytical gels were visualized by silver staining and protein spots were analyzed using ImageMaster 2D Elite version 3.01 (Amersham Pharmacia Biotech, Uppsala, Sweden). Preparative gels were stained with 0.1% Coomassie brilliant blue R-250 (CBB) and spots were subjected to mass spectrometric (MS) analysis and N-terminal amino acid sequencing 9) .
For peptide mass fingerprint assay, sample preparation was carried out based on the method reported by Millar et al. 8) . MS analysis was performed using an Autoflex MAL-DI-TOF MS (Bruker Daltonik GmbH, Bremen, Germany). Peptide mass values were used to search the NCBInr database with the Mascot search engine. Background and trypsin autodigestion peaks were omitted from the data. Nterminal amino acid sequencing was performed according to the instruction manual of the Procise ® protein sequencing system (Applied Biosystems, Foster City, CA, USA), and the data were used to search for homology with the BLAST tool. Fig. 1 shows that image analysis of silver-stained 2-D gels (pI range 3-10) from soybean nodule bacteroids ( Fig.  1A ) and cultured cells (Fig. 1B ) detected 816 and 717 spots, respectively. Among them, only 152 spots appeared in a similar location on both gels and were defined as putatively common. The data indicate that overall protein expression profiles in B. japonicum were quite different between bacteroids and cultured cells, suggesting that a large-scale modification of protein expression occurred during symbiotic differentiation. Although the 2-D patterns of analytical gels were highly reproducible and triplicate experiments gave the same results, only relatively abundant proteins were analyzed in our experiment because the majority of the expressed proteins made a dense cluster between pI 5 and 8 and the resolution of the 2D-gel is not high enough to separate all proteins. In this report, we focused on relatively abundant bacteroid-specific or up-regulated protein spots in 2-D gels, because those proteins which were newly expressed in bacteroids would be responsible for major symbiotic metabolisms.
After relatively dense spots were chosen from CBB stained gels and subjected to MALDI-TOF MS after digestion and also to N-terminal amino acid analysis, data were screened using the Mascot search engine. As a result, a Table 1 are circled in (A). The bacteroid-specific proteins are marked with underlined numbers and the up-regulated proteins in bacteroids are marked with plain numbers. Fig. 1A ; S, bacteroid specific spot; U, Up-regulated in bacteroids.
b Accession numbers of the identified proteins belong to Development Bank of Japan (DBJ).
c Observed Mr/pI is the molecular mass and isoelectric point of the spot as observed from 2-D gels.
d Cov. (%), Coverage, the percentage of the full-length sequence covered by the matching peptides. e Sequence, ten-residue N-terminal amino acid sequence obtained from Edman-degradation-based sequencing. All of the sequences were 100% identical except that of spot 82 (90%). characterization with a high score for protein samples was obtained due to the availability of the complete genomic sequence of B. japonicum USDA110 5) . Table 1 shows the list of proteins identified as up-regulated or specific in bacteroids compared to cultured cells. Among them, enzymes for the nitrogenase system (nitrogenase iron protein, nifH; nitrogenase Mo-Fe protein beta chain, nifK; NifAregulated gene product, NrgC) were detected as abundant proteins as previously reported using Sinorhizobium meliloti 10) , and in addition, many other genes localized in the symbiosis island region A of the B. japonicum genome were detected (nodule formation efficiency; nfeC, probable dioxygenase, 1-aminocyclopropane-1-carboxylate deaminase, 60 kDa chaperonin 3, alkyl hydroperoxide reductase; ahpC and hypothetical proteins) 5) . Their physiological roles were not clear, but an enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, degrades a precursor (ACC) of the plant hormone ethylene and acts to lower the ethylene concentration around bacteroids 12) . This would result in the stimulation of nodule formation because ethylene is an inhibitor of nodule formation.
A group of proteins for nucleic acid and protein biosynthesis were expressed as specific and abundant, like the 60 kDa chaperone 3 (GroEL 3), DNA polymerase III beta chain, elongation factor P, elongation factor TU, transcription termination factor, chaperone protein dnaK, trigger factor, NrgC and 30S ribosome protein S1. Among these proteins, NrgC and GroEL3 were already reported to be essential for nitrogenase biosynthesis in B. japonicum 4) , and these proteins might function in symbiotic specific enzyme biosynthesis. Enzymes for various metabolisms or for maintaining cellular conditions were also detected as specific proteins. For amino acid metabolism, S-adenoslymetionine synthetase and probable L-asparaginase were detected. Although the biosynthesis of amino acids in B. japonicum bacteroids is believed to be down-regulated 7) , various proteins responsible for amino acid transport were detected (N-utilization substance protein A and ABC transporters including amino acid-binding proteins), corresponding to the report that amino acid transport is essential for maintaining nitrogen fixation activity in bacteroids of B. japonicum 7) . Anti-oxidant protein and alkyl hydroperoxide reductase might help to scavenge peroxide and maintain reductive conditions in bacteroids.
Another interesting point is that a group of ABC transporters including amino acid transporters were detected as specific proteins. Although their functions and physiological roles were not clear, the annotation data suggested specificity for amino acids, phosphate and molybdenum. A molybdenum ABC type transporter was detected as the product of a specific gene in a microarray analysis of Leptospirillum ferrooxidans 11) , and such transporters might regulate the exchange of metabolites between the symbiont and host cell. The physiological roles of these transporters are under investigation in our laboratory.
To our knowledge, this is the first report on a proteomic analysis of bacteroid-specific protein expression in B. japonicum USDA110. Some proteins were reported to be highly expressed in bacteroids, and may relate to the major function of bacteroid metabolism during symbiosis in nodules. However, there are still a number of protein spots whose function is unclear. For further identification of bacteroid proteins, gels with narrower pI ranges were applied and the preparation of mutants for these bacteroidspecific proteins is underway in our laboratory.
